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The i n i t i a l  conversion of coa l  t o  mater ia l  t h a t  may be ex t rac ted  by polar  
so lvents  such a s  te t rahydrofuran  o r  pyr id ine  requi res  only r e l a t i v e l y  mild l ique-  
f a c t i o n  condi t ions.  The chemistry of  t h e  i n i t i a l  d i s s o l u t i o n  s t e p s  is very l i k e l y  
t o  be of g r e a t  importance t o  the  o v e r a l l  l iquefac t ion  prnnnss I n  t.ha_t. t.he yield 
and charac te r  of  t h e  i n i t i a l l y  formed products may g r e a t l y  inf luence  t h e  success  
of subsequent l i q u e f a c t i o n  s teps .  Although conversion to  the i n i t i a l  products 
seems t o  r e q u i r e  a minimum of bond breaking, hydrogen-deuterium exchange reac t ions  
ind ica te  t h a t  a r i c h  chemistry t r a n s p i r e s  a t  the same time (1-4). 

I n  t h e  fo l lowing  experiments, t h e  conversion of coa l  was examined a s  a func- 
t i o n  of severa l  v a r i a b l e s  over t h e  range of temperatures from 3000C t o  450OC. The 
net  change i n  both t h e  conten t  and t h e  d i s t r i b u t i o n  of  hydrogen among t h e  products 
was followed using a n  a n a l y t i c a l  scheme based on elemental and NMR analyses .  This  
method h a s  been used t o  determine t h e  ne t  hydrogen u t i l i z a t i o n  divided among cate-  
g o r i e s  f o r  hydrogenation, hydrocarbon gas formation, heteroatom removal, and 
matr ix  bond breaking (5). 

Experimental 

Coal l i q u e f a c t i o n  was conducted i n  a 0.5-L s t i r r e d  autoclave.  I n  a typ ica l  
experiment, 30 g (maf) of coa l  ground t o  pass 60 mesh was charged t o  t h e  autoclave 
along with 70 g of coal-derived so lvent .  The so lvent  was a d i s t i l l a t e  cu t  
(2400C-450oC) obta ined  from opera t ions  a t  t h e  SRC-I1 p i l o t  p l a n t  a t  F t .  L e w i s ,  
Wash. The au toc lave  was pressur ized  with t h e  appropr ia te  amount of hydrogen o r  
ni t rogen t o  o b t a i n  t h e  des i red  operat ing pressure a t  temperature. Heat-up time t o  
l iquefac t ion  temperatures  was about 45 minutes. The autoclave was held a t  
temperature f o r  t h e  s p e c i f i e d  time and then rap id ly  cooled by means of  i n t e r n a l  
water-cooling c o i l s .  Grab samples of  t h e  off-gas  were taken f o r  a n a l y s i s  by gas 
chromatography a s  t h e  au toc lave  was depressurized.  

Conversion d a t a  i n  F igures  1 and 2 were obtained by f i r s t  f i l t e r i n g  t h e  auto- 
c lave  contents  through a Whatman 1541 f i l t e r  on a Buchner funnel  maintained a t  
60OC. The res idue  was then washed with te t rahydrofuran (THF) u n t i l  t h e  washings 
were near ly  c o l o r l e s s .  Data i n  Figure 3 were obtained by f irst  d iges t ing  t h e  
l i q u i d  product from the  autoclave with THF. The d i g e s t  was vacuum-filtered 
through Whatman 112 f i l ter  paper, and t h e  residue was washed with THF u n t i l  t h e  
e x t r a c t  was near ly  c o l o r l e s s .  All residues were dr ied  a t  llOoC and weighed. 
Conversion va lues  were based on t h e  weight of dr ied  residue.  

The methods used t o  determine hydrogen u t i l i z a t i o n  d a t a  have been 
described (5) .  Data from t h e  elemental a n a l y s i s  of  t h e  feed coal and l i q u e f a c t i o n  
so lvent ,  inc luding  t h e  d i r e c t  oxygen ana lys i s ,  were used i n  these  ca lcu la t ions  
( s e e  Table 1) .  The l i q u i d  products  were separated by Soxhlet  e x t r a c t i o n  with 
methylene ch lor ide .  The carbon a r o m a t i c i t i e s  were determined b '3C NMR using 
CP/MAS techniques on t h e  inso luble  f r a c t i o n  and high reso lu t ion  lyC NMR i n  CDzC12 
for  t h e  e x t r a c t .  
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Resul t s  and Discussion 

/ 
1 

Liquefaction. The r e a c t i v i t i e s  of the two bituminous coa ls  a r e  compared i n  
Figure 1 a s  a func t ion  of temperature. The pronounced d i f fe rence  i n  r e a c t i v i t y  a t  
325OC decreases rap id ly  with increas ing  l i q u e f a c t i o n  temperature. Although a 
d i f fe rence  i n  r e a c t i v i t y  of t h e s e  c o a l s  was expected, i t  is nonetheless  remarkable 
t h a t  t h e  conversion of the  I l l i n o i s  coa l  remains high even a t  a temperature as  low 
a s  325%. The d i f f e r e n c e s  in p a t t e r n s  of hydrogen u t i l i z a t i o n  discussed below are 
not  s t r i k i n g  f o r  these  two coals .  The s t r u c t u r a l  d i f fe rences  between t h e  c o a l s  
t h a t  are responsible  f o r  t h e i r  ind iv idua l  responses t o  react ion temperature is a 
matter  still open t o  quest ion.  A t  least, t h e s e  da ta  i n d i c a t e  t h a t  the  choice of 
feedstock coal  is even more c r i t i c a l  f o r  l i q u e f a c t i o n  a t  lower temperatures than  
a t  conventionally used temperatures. 

The conversion of the  I l l i n o i s  coal  is shown i n  Figure 2 a s  a func t ion  of 
reac t ion  time after reaching temperature f o r  t h r e e  temperatures. I t  is evident  
t h a t  most conversion is complete wi th in  a s h o r t  i n i t i a l  period of reac t ion  even 
f o r  t h e  lowest of l iquefac t ion  temperatures. Undoubtly, some of t h i s  conversion 
occurs during heat-up. Although conversion t o  low molecular weight products  may 
requi re  more severe condi t ions,  t h e  breakdown of t h e  matrix s t r u c t u r e  of coa l  
requi res  l i t t l e  time a t  modest temperatures. This same pat te rn  of r e a c t i v i t y  was 
noted earlier f o r  l i q u e f a c t i o n  of c o a l  i n  t e t r a l i n  a t  400% ( 6 ) .  The present  
experiments show t h a t  the  "prompt" y i e l d  of e x t r a c t  increases  somewhat with 
temperature. 

The e f fec t  of hydrogen pressure on conversion i s  q u i t e  s i g n i f i c a n t .  F igure  3 
conta ins  conversion d a t a  obtained a t  var ious temperatures and pressures  of 
hydrogen or nitrogen. A s  expected, conversions increase  with hydrogen pressure  
but hardly change with increas ing  n i t rogen  pressure.  The s e n s i t i v i t y  of convcr- 
s ion  t o  hydrogen pressure  is a func t ion  of l i q u e f a c t i o n  temperature. For example, 
increas ing  hydrogen pressure from zero  t o  2000 ps i  produces a l a r g e r  increase  i n  
conversion at 400OC than a t  350OC. It is not known whether t h i s  d i f fe rence  is 
r e l a t e d  t o  the thermochemistry of bond s c i s s i o n  reac t ions  or t o  t h e  s t a t e  of  
reduct ion of p y r i t e  i n  the  mineral matter t o  p y r r h o t i t e ,  which may a c t  as a modest 
c a t a l y s t  f o r  coa l  l iquefac t ion .  Under these  r e a c t i o n  condi t ions,  a n a l y s i s  of t h e  
off-gases for  H2S and of t h e  recovered mineral res idues f o r  p y r r h o t i t e  content  
shows t h a t  the  reduct ion of p y r i t e  is incomplete a t  350%. I t  is somewhat g r e a t e r  
a t  4000C, but probably n o t  y e t  complete. 

The character  of the l i q u e f a c t i o n  so lvent  is well-known t o  have a major 
in f luence  on conversion under conventional condi t ions.  A number of experiments 
were made t o  determine whether conversions obtained a t  the r e l a t i v e l y  low tempera- 
t u r e s  employed here  would be s e n s i t i v e  t o  modif icat ions i n  t h e  coal-derived l ique-  
f a c t i o n  solvent. I n  one case,  10% of the weight of t h e  coal-derived so lvent  was 
replaced by t e t r a l i n ,  a well-known hydrogen donor. Many s t u d i e s  have shown t h a t  
coal  conversion increases  with minor addi t ion  of t e t r a l i n  t o  a l i q u e f a c t i o n  
so lvent  t h a t  is poor in donable hydrogen ( 7 ) .  Conversions were not  changed wi th in  
experimental e r r o r  f o r  r e a c t i o n  temperatures of 325oC, 350OC, and 4000C under 
hydrogen pressures  of  e i t h e r  1000 or 2000 psig. Thus the  amount of conversion 
under these  condi t ions is not  l imi ted  by lack  of hydrogen donor compounds i n  t h e  
coal-derived solvent .  

I n  a similar way, 10% o f  the weight of t h e  coal-derived solvent  was replaced 
by pyrene, a compound reported t o  be e s p e c i a l l y  e f f e c t i v e  as both a hydrogen 
t r a n s f e r  agent (8) and a physical  so lvent  for promoting l i q u e f a c t i o n  (9). 
Addit ion of t h i s  compound a l s o  had no e f f e c t  within experimental e r r o r  on conver- 
s ion  obtained a t  350OC o r  400OC under 1000 p s i g  hydrogen. Taken together ,  t h e s e  
experiments i n d i c a t e  t h a t  f o r  l i q u e f a c t i o n  a t  r e l a t i v e l y  low temperatures, t h e  
coal-derived so lvent  employed is not  lacking i n  components s u i t e d  f o r  hydrogen 
donat ion,  hydrogen s h u t t l i n g ,  or phys ica l  so lva t ion .  
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Hydrogen U t i l i z a t i o n .  A second s e t  of autoclave experiments was performed t o  
determine if changes in hydrogen d i s t r i b u t i o n  during l i q u e f a c t i o n  were d i f f e r e n t  
f o r  coals  of d i f f e r e n t  r e a c t i v i t y .  For i n i t i a l  experiments, t h e  reac t ion  condi- 
t i o n s  s e l e c t e d  were 2000 p s i  hydrogen and 1 5  min. a t  var ious temperatures. I n  
order  t o  improve t h e  r e l i a b i l i t y  of the  hydrogen d i s t r i b u t i o n  da ta ,  t h e  work-up 
procedure was modified t o  use only s o l v e n t s  compatible with t h e  NMR measurements 
needed t o  monitor hydrogenation. The e n t i r e  conten ts  of t h e  autoclave were 
Soxhlet-extracted with methylene ch lor ide  t o  y i e l d  s o l u b l e  and inso luble  
f rac t ions .  The y i e l d  of so luble  mater ia l  is  l e s s  using methylene ch lor ide ,  but 
res idua l  so lvent  does not  i n t e r f e r e  with subsequent NMR aromatici ty  measurements. 
Both t h e  s o l u b l e  and inso luble  f r a c t i o n s  undergo elemental and NMR analys is .  
Thus, t h e  r e l a t i v e  amount of each f r a c t i o n  does not a f f e c t  t h e  values  determined 
for t h e  ne t  amount of hydrogen used. For both coals ,  t h e  gas  y i e l d  was negl ig ib le  
a t  300% and 350OC, but  increased to  1.25-1.51 at 4OOOC and 8.2%-8.4% a t  4 5 0 W  on 
an  maf basis .  

/ )  

The tn ta l  kydrzgen u t i l i z s t i o n  io d i r i d e d  i n k  f=- catcgc-ics i n  Tablc  2. 
These r e s u l t s  are a r r i v e d  a t  using an a n a l y t i c a l  approach described 
previously (5). E n t r i e s  in Table 2 g i v e  the n e t  number of hydrogens incorporated 
( p o s i t i v e  sign) or produced (negat ive  sign) per  1 0 0  carbons of  feed s lur ry .  I t  
must be emphasized t h a t  these  numbers i n d i c a t e  only & changes in hydrogen 
involved in a p a r t i c u l a r  mode of u t i l i z a t i o n  and they inc lude  all the  carbon in 
t h e  whole feed s l u r r y  not  j u s t  tha t  i n  the coal .  Negative numbers appearing in 
Table 2 for hydrogenation and matr ix  bond cleavage i n d i c a t e  t h a t  hydrogen (not  
necessar i ly  i n  t h e  form of H2 gas)  i s  being generated within t h e  s l u r r y  by 
dehydrogenation (aromatizat ion)  o r  condensation reac t ions ,  respec t ive ly .  

The d a t a  i n  Table  2 i n d i c a t e  t h a t  cracking reac t ions  producing C1-C4 hydro- 
carbon gases  a r e  not  s i g n i f i c a n t  hydrogen consumers up t o  a t  l e a s t  400%. Hetero- 
atom removal increases  with reac t ion  temperature and is primari ly  oxygen removal 
under these  condi t ions.  (The maximum consumption by removal of N + S in these 
runs was 0.5 HA00 C for I l l i n o i s  #6 a t  450OC.) The higher content of l a b i l e  
oxygen of t h e  I l l i n o i s  #6 coal  is r e f l e c t e d  i n  Table 1. 

The e f f e c t  of temperature on the  aromatici ty  of t h e  t o t a l  product (sols + 
i n s o l s  + gases)  is ind ica ted  i n  Figure 4. The t rend t o  increas ing  product a r m a -  
t i c i t y  with i n c r e a s i n g  temperature is t h e  same for both coals .  The d a t a  ind ica te  
t h a t  a t  low temperatures  t h e  n e t  chemistry i s  hydrogenation, bu t  above about 400° 
t h e  t o t a l  product a romat ic i ty  exceeds t h a t  of the  feed  s l u r r y .  This  ind ica tes  
t h a t  t h e  ne t  r e a c t i o n  above 4OO0C, even under 2000 p s i  hydrogen gas, i s  aromatiza- 
t i o n  of t h e  feed  s l u r r y  (coa l  + solvent) .  

A similar p a t t e r n  was observed i n  an e a r l i e r  s tudy of hydrogen u t i l i z a t i o n  in 
a small cont inuous r e a c t o r ,  although i n  t h a t  case  t h e  magnitude of t h e  var ia t ion  
of net hydrogenation with temperature was l a r g e r  (5 ) .  This  dominance of aromati- 
ZatiOn over  hydrogenation a t  high temperatures is expected on thermodynamic l 
grounds. 1 

During l i q u e f a c t i o n ,  bonds a r e  being both broken ( thermolysis)  and formed 
(condensation). The category "matrix cleavage" i n  Table 2 at tempts  t o  quant i ta te  - 
t h e  mount  of hydrogen involved i n  bond-making/bond-breaking chemistry of  the  feed 
.slurry: T h i s  v d u e  fer t h e  kydrogsn i n ~ n l v e d  i n  bond o l ~ v s g c  is necessar i ly  
determined by d i f fe rence  and thus  should be i n t e r p r e t e d  with caut ion.  With t h i s  
Warning i t  can be noted t h a t  for the  Blacksvi l le  l iquefac t ion  experiments a t  4OO0C 
and 450OC, t h e  n e t  hydrogen u t i l i z e d  i n  matrix cleavage is  nil, i n d i c a t i n g  t h a t  
any bond cleavage t h a t  occurs  consuming hydrogen is balanced by condensation 
reac t ions  producing hydrogen. A t  325OC for the  B l a c k s v i l l e  coa l ,  t h e  data 
i n d i c a t e  n e t  production of 2 hydrogens per 100 s l u r r y  carbons or a s l i g h t  
dominance of condensation reac t ions  over thermolysis  reac t ions .  It is not 
unreasonable t o  expec t  condensation to  predominate a t  low temperatures. The 325OC 



I 
experiments w i t h  I l l i n o i s  #6 coa l  a l s o  i n d i c a t e  a predominance of condensation 
reac t ions ,  bu t  the  s c a t t e r  of  t h e  data  f o r  t h e  I l l i n o i s  116 coal  l i q u e f a c t i o n  
experiments i s  too high t o  comment on with confidence. 

The ne t  amount of hydrogen consumed i n  matrix cleavage i s  a measurement o f  
the  r e s u l t a n t  of two opposing r e a c t i o n  routes  and i s  thus expected t o  be a func- 
t i o n  of so lvent  type,  reac t ion  time, c a t a l y s t ,  coal ,  and temperature. The 
response of hydrogen u t i l i z a t i o n  t o  these var iab les  is  now under inves t iga t ion .  
The present  d a t a  form a base l ine  f o r  f u t u r e  comparisons. Improvements i n  t h e  
a n a l y t i c a l  method w i l l  make it e a s i e r  t o  form firm conclusions on the r e l a t i v e  
importance of  condensation versus  thermolysis a s  a func t ion  of reac t ion  
condi t ions.  

t 

It is  i n t e r e s t i n g  t o  note ,  however, t h a t  both i n  t h i s  work (325OC d a t a )  and 
i n  the previous s tudy of continuous u n i t  operat ion,  t h e r e  is evidence f o r  t h e  
dominance of condensation reac t ions  under mild condi t ions.  The a n a l y t i c a l  
approach used t o  generate  t h e  d a t a  i n  Table 2 is  still undergoing refinement, bu t  
i t  appears t h a t  it may be q u i t e  usefu l  f o r  charac te r iz ing  d i f fe rences  i n  l iquefac-  
t i o n  chemistry and t h e i r  dependence on reac t ion  condi t ions.  
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TABLE 1. ELEMENTAL ANALYSES, MAF 

C H N 0 S 

BLACKSVILLE COAL 80.6 5.6 1.4 9.4 3.1 

I L L I N O I S  #6 COAL 73.7 5.6 1,s 14.8 4.5 

SULVSIJS 8 i , i  8.0 1 .4  5 - 0  0.4 

MOISTURE FREE ASH CONTENTS WERE BLACKSVILLE = 11.9;8, I L L I N O I S  #6 = 13.6%, 
SOLVENT < 0.1%. 

TABLE 2. 
HYDROGEN UTILIZATION VS. COAL REACTIVITY 

AND TEMPERATURE HYDROGENS INCORPORATED 
PER 100 CARBONS OF FEED SLURRY 

BLACKSVILLE #2 ILLINOIS #6 
FATE OF 32S0 4000 450° 300° 300° 325* 400' 450° 450' 

HYDROGEN oup. Dup. 

Gas Make 0 0 3  0 0 0 0 3 3  

Heteroatom 
Removal 0 1 1  1 0 1 2 3 3  

1 -2 -3 1 1  2 0 . 3 . 3  

0 + 2  -2 + 2  .1 0 

Hydrogenation 

Matrix Cleavage -2 0 0 

TOTAL -1  - 1  + 1  c2 + 3  + 1  + 4  +2 + 3  
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Figure 3 -Pressure e f f e c t  a t  various temperatures on Il l inois #6 coal ,  15 min 
a t  temperature.  
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